The modification of coherent structures within the log-region of a drag reduced turbulent boundary layer is studied via examination of two-point correlations from time-resolved particle-imagevelocimetry. Measurements were acquired in polymer oceans (uniform concentration) at drag reduction levels corresponding to the low drag reduction regime (< 40%), the high drag reduction (HDR) regime (>40%), and at an intermediate level (~40%). The mean velocity profiles and twopoint correlations were compared with that of water (Newtonian, DR = 0%). These results show that with increasing drag reduction the inclination of the coherent structures decrease, the streamwise extent increases, and the fluctuations in the correlations are suppressed (especially at HDR). These observations are examined in comparison with the coherent structure literature (Newtonian and polymeric).
2 until the observations of Head & Bandyopadhyay, 1 which leveraged the physical insight of Theodorsen, 2 that they provided the first convincing visual evidence of the near-wall threedimensional (3D) vorticity structures; they termed such structures hairpin/horseshoe vortices. They detailed the evolution of these vortices influenced by the antagonistic events of stretching due to mean shear flow and the resulting induced velocities due to their intensified vorticity, causing them to lift-up in the wall-normal direction. Such concrete observations led to a proposed model 3 that put such 3D vorticity structures at the center of the momentum exchange process (i.e., they facilitate, and potentially control, the momentum exchange between the inner and outer regions of a turbulent boundary layer (TBL). A more recent investigation 4 revealed that such structures organize themselves to form long and meandering super-structures that are correlated spatially to produce regions of uniform momentum located in the log-layer of the TBL. Such super-structures have long been observed in moderately buoyancy-driven geophysical TBLs 5 where the inner-outer coupling is tied to strong thermal updrafts. However, in the absence of buoyancy-driven thermals, as is the case in incompressible TBLs, understanding how near-surface coherent structures modulate outer layer dynamics is still a topic of active research with implications to flow control.
Given the centrality of such 3D vorticity structures to the characteristics of the near-wall TBL dynamics, it is natural to explore how these coherent structures are modulated during polymer drag reduction (PDR) to explain the observations of Toms. 6 Several successful attempts [7] [8] [9] [10] [11] [12] were pursued to this end. They found that polymer additives, in the near-wall region, increase spanwise spacing of the low-momentum streaks with a concomitant decrease and increase in the spatial frequency of the "burst" events and diameters of the vorticity structures, respectively, as drag reduction (DR) increases. Experimental observations 13 suggested a deficit in Reynolds shear stress for polymeric flows. This deficit was later linked computationally to polymeric stresses 14 as they engaged the pressure strain and diffusion terms of the Reynolds stress transport equation to enhance anisotropy of the fluctuating velocity field in the near-wall region. 15 This is in sharp contrast to turbulent flows over rough surfaces with drag increase, where anisotropy of near-wall turbulence decreases. 16 Such developments suggest that polymer rheology is another key factor impacting PDR just as roughness scales impact drag enhancement. 17 Polymers have a natural tendency to relax and maintain equilibrium conformations but tend to be stretched when in shear flow. However, to effect drag reduction, such relaxation times have to be greater than the local turbulent flow time scales. This effect is quantified by the Weissenberg number; a ratio of the polymer relaxation time to the flow time scales. Polymer stretching has been found to provide counter-torques that oppose the motion of hairpin/quasi-streamwise vortices (QSV), rendering them less intense. 18, 19 This helps explain the improved stability of the near-wall streaks, 18 inhibited Q2 pumping of the hairpins, and, consequently, the damped Reynolds shear stresses. 19 The reduced swirling strengths of the vortices is also expected to alter the auto-generation cycle of the hairpins, assuming the modified cycle would have a critical strength threshold of the initial vortices required for its self-sustained continuation. 20 Flow simulations 21 have shown that this is the case with polymer molecules being actively engaged in re-routing the energetics of the flow to result in drag reduction. Such a morphological introduction to PDR provides both fundamental and practical motivation for the current study. Much less is known about how the polymer chains modify the structures in the outer regions and their corresponding flow statistics, where significant velocity rise occurs at higher Reynolds numbers. A wide spectrum of structures in this region, together with increasing Reynolds number, make flow simulations for these regions computationally expensive.
Recent investigations [22] [23] [24] have also shown that the mean velocity profiles in the log-layer deviate 4 from the classical view 25 in the high drag reduction (HDR; > 40%) regime. Elbing et al. 24 reviewed all experimental PDR studies within a TBL and showed that Reynolds number variation was insufficient to explain the deviations from the classical view, which indicates that polymer properties must play a role in HDR flow behavior. Thus, characterization of the polymers is critical in analyzing modifications to the flow structures, especially at HDR. Since many of the polymer properties are sensitive to the polymer concentration (e.g., Weissenberg number), the current study was performed with a developing TBL in a polymer ocean (uniform concentration) of polyethylene oxide (PEO).
Consequently, the current study experimentally measures the log-layer region of a developing TBL that has been modified with the addition of drag reducing polymer solutions. The flow properties (freestream speed, downstream distance, viscosity, etc.) and polymer properties (concentration, mean molecular weight, etc.) are controlled such that various levels of DR are achieved with known Reynolds and Weissenberg numbers. Mean streamwise velocity profiles are presented, and then two-point correlations are used to investigate the modifications to the basic turbulent structure of the TBL, including the structure inclination angles. The observations are compared with literature to assist with the interpretation of the PDR modified TBL structures. This includes assessing the effects of polymers on the auto-generation cycle of the hairpin structures.
Ultimately, the current study aims to understand and provide insights on how polymer effects the coherency of induced motions as well as controls their spatial extent in the log-layer and outer-wake regions. The remainder of the paper provides a description of the experimental methods in §2, §3 presents the results and discussion (3.1 Newtonian; 3.2 polymeric), and conclusions are summarized in §4.
Experimental Methods

Test facility and model
Testing was performed in the Oklahoma State University 6-inch low-turbulence, recirculating water tunnel. [26] [27] [28] The test section had acrylic walls for optical access and measured 1.1 m long with a 152 mm (6-inch) square cross-section. A 112 kW (150 hp) motor powered (MP44G3909, Baldor) a horizontal split case centrifugal pump (S10B12A-4, Patterson), and a variable-frequency-drive (EQ74150C, Teco) controlled the pump frequency to vary the tunnel speed.
Flow conditioning (e.g. tandem configuration of honeycombs and settle chambers, 8.5:1 area contraction) resulted in an inlet turbulence level < 0.3% and negligible mean shear within the testsection core. Tunnel volume was determined by tracking changes in the conductivity of aqueous solutions of known amounts of added salts with a conductivity meter (CDH-287-KIT, Omega Engineering). The total volume (1.47 ± 0.04 m 3 ) was determined from comparing the changes in conductivity against an established calibration curve.
A boundary layer trip (uniformly distributed 122 µm grit) at the test section inlet mitigated transitional effects on the tunnel walls. Measurements were acquired within the flat plate TBL that formed on the test section wall. Downstream of the boundary layer trip, the average surface roughness height (Ra) was at or below 0.8 µm. Converting Ra to Colebrook type roughness (kc) 29, 30 and noting that the viscous wall unit ( ) was at least 5.3 μm, the maximum inner variable scaled roughness height ( + = ⁄ ) in the current study was + ≤ 1.7. Thus the surface was considered hydraulically smooth. The coordinate system used throughout the manuscript has the x origin at the test section inlet and extending in the downstream direction, the y coordinate increasing in the wall-6 normal direction with the origin at the test section centerline, and z extends in the spanwise direction completing a right-handed coordinate system.
Instrumentation
Time-resolved velocity vector fields were acquired at x = 0.5 m with two-dimensional particle image velocimetry (PIV). The image plane was aligned parallel to the flow, along the tunnel centerline (z = 0), and illuminated with a sheet of laser light. The laser sheet was formed from the beam of a high-speed Nd:YLF laser (DM30-527, Photonics) that was spread into a sheet with a cylindrical lens as illustrated in Figure 1 . Hollow glass spheres (iM30K, 3M) with an average diameter of 18 μm were used to scatter the laser light. The scatter light was recorded at either 2.0 or 2.9 kHz with a high-speed camera (M110, Phantom) that had a resolution of 1280 pixel × 800 pixels.
The camera was fitted with a 60 mm diameter, f/2.8D lens (AF Micro NIKKOR, Nikon) that resulted in a nominal field-of-view (FOV) of 10 mm × 15 mm. The images were calibrated with a precision calibration target (Type 058-5, LaVision). The onboard camera memory allowed for 5000 images to be acquired for a single sequence. The PIV timing, acquisition, and image processing were performed using a commercial software package (Davis 8.2.3, LaVision). The images were processed using the standard multi-pass cross-correlation method with decreasing interrogation window sizes. The final window size was 32 pixels × 32 pixels with 75% overlap. The PIV uncertainty was quantified following the approach identified in Wieneke, 31 which uses the asymmetry in the correlation peaks when slightly shifted (~1 pixel) away from the optimized displacement to quantify the impact of image noise, including out-of-plane motion. For the current study the maximum uncertainty was ± 0.1 m/s (~ 0.3 pixels). The water tunnel operation conditions (water temperature, static pressure, and pump motor frequency) were monitoring throughout testing. The water temperature was measured with a T-Type thermocouple (TC-T-1/4NPT-U-72, Omega) located 0.92 m upstream of the contraction inlet. The static pressure was measured 76 mm upstream of the contraction inlet at the test section centerline elevation with a pressure transducer (PX230050DI, Omega). These measurements were recorded at 500 Hz throughout testing along with pump motor frequency from the variable-frequency-drive via a data acquisition card (USB-6218-BNC, NI) controlled with commercial software (LabView15.0.1, NI). The data acquisition system was also used for a subset of tests to record hot-film-anemometer (MiniCTA-54T42, Dantec) signals using a hot-film probe (55R15, Dantec) located at x = 60 mm.
This was performed to confirm that the inlet turbulence intensity was below 1%.
Polymer preparation and characterization
The polymer used in the current study, PEO, has a structural unit (monomer) of (-O-CH2-CH2-) that results in a polymer backbone consisting of carbon-carbon (C-C) and carbon-oxygen (C-O) bonds. Polymer batches were prepared with manufacturer specified mean molecular weights (Mw) of 4×10 6 g/mol (WSR301, Dow chemical) or 8×10 6 g/mol (Sigma Aldrich) at concentrations between 1000 and 5000 ppm. The solutions were prepared via slowly sprinkling dry powder into a jet to prevent the formation of polymer aggregates. Trace amounts of sodium thiosulfate were used to mitigate polymer degradation due to background chlorine. 32, 33 Once fully hydrated, the polymer solutions were diluted to a desired concentration in the water tunnel and allowed to uniformly disperse via molecular diffusion. Once fully mixed, producing a homogeneous polymer concentration (termed a polymer ocean), the water tunnel was operated at the test speed until a steady-state molecular weight was achieved. A separate study did a comparative analysis between mechanically degraded polymers within the polymer ocean and non-degraded samples at the same mean molecular weight. 34 This study showed that within the operation range of the current study, the degraded samples had the same drag reduction performance of non-degraded samples at the same mean molecular weight.
The mean molecular weights of the PEO polymer oceans were determined from the shear rate at the onset of drag reduction ( * ), which is an established approach for estimating the mean molecular weight of PEO solutions. 35, 36 Here the onset of drag reduction is determined from the intersection of the experimentally obtained drag reduction performance with the friction law for fully developed turbulent (smooth) pipe flow of a Newtonian fluid (i.e. the Prandtl-von Kármán law).
Vanapalli et al. 35 compiled PEO data 25 to establish a relationship between * and the mean molecular weight, * = 3.35 × 10 9 ⁄ . See Farsiani et al. 34 for a detailed description of the pressure drop apparatus used to acquire the polymeric pipe performance and Lander 37 for a detailed discussion of the measurement uncertainty. The overall uncertainty was determined from
propagating the uncertainties associated with the temperature, fluid properties, pipe diameter, pressure drop per unit length (including uncertainty from pipe wall holes for the pressure taps 38 ), and mass flowrate. While the uncertainty of a single condition varied significantly with the operation condition, the resulting uncertainty in the molecular weight was ~10%. 34, 37 
Test conditions
Throughout testing the average water temperature was 22.0 ±1°C, which has a corresponding 
where R is the ideal gas constant, T is the absolute temperature, and [ ] is the intrinsic viscosity.
The intrinsic viscosity was estimated from the Mark-Houwink relationship 40 [ ] = 0.0125 0.78 .
Polymer solutions are considered dilute when the concentration is below the overlap concentration,
, which for the current study * ≥ 517 ppm. Thus all test conditions in the current study are considered dilute and, consequently, only dependent on the molecular weight. Other critical non-dimensional polymer dependent parameters include the ratio of the solvent viscosity to the zeroshear viscosity of the polymer solution (μ * ) and the length ratio of the fully extended to coiled polymer molecules (L). These parameters had minimal variation in the current study with the ranges of μ * and L being 0.93 to 0.99 and 125 to 308, respectively.
Data analysis
The (1)
Here, xref,yref are the spatial location of the reference point, σu is the standard deviation of u at the specified location, 〈 〉-brackets indicate an ensemble average, and Δx,Δy are the streamwise and vertical separation distances from the reference location, respectively. In Eq. (1), Ruu is a function of the chosen reference location xref,yref if one were to estimate a true ensemble average. However, in practice, collecting data over a sufficiently large ensemble is often not feasible. Therefore, a surrogate ensemble average, 〈 〉 = 1 ∑ =1 with N = 4000 PIV vector fields, is adopted. The number of vector fields (N) was selected based on the convergence of the correlation curves.
Correlation data calculated for DR = 62%, which would have the fewest realizations of independent coherent structures within a given period, shows that the data converged by ~3000 with uncertainty < 5%. Similar correlations could be defined for the vertical (v) and cross (uv) components, but the current work focuses on the streamwise component due to this being the dominant flow direction along which the near-wall streak structures are oriented. The number of points in the ensemble average decreases linearly with increasing separation distance due to the finite-sized FOV.
Taylor's frozen turbulence hypothesis was invoked to enable the time-resolved PIV to increase the range of spatial separations.
Inclined motions frequently occur over a multitude of scales, which results in elliptically shaped two-point correlation maps with their principal axis inclined at an angle away from the wall.
This angle is commonly termed the structure inclination angle. Identification of the structure inclination angle follows the general analysis of Marusic, 41 which used the distribution of the twopoint correlations. For a given wall-normal separation (Δy), the peak in the two-point correlation can be used to define a peak streamwise separation distance (Δxpk). Then, the local structure inclination angle (α) can be found from the slope, = tan −1 (〈Δ Δ ⁄ 〉). Marusic & Heuer 42 note that caution should be used when inferring inclination angles since variations were observed between that estimated from and that using wall shear stress-based correlation, . Furthermore, it was shown 42 that the deviation between the two approaches decreased with decreasing separation distances, Δy and Δx. A key observation with the use of wall stress to estimate is that = 0 since is evaluated at the wall. However, when using one can choose different vertical reference locations ( ). In the current work, the reference location is varied to examine local variations to the structure inclination angles.
Results and Discussion
Newtonian (Baseline) Results
Newtonian mean velocity profiles
The inner variable scaled mean streamwise velocity ( + = ⁄ ) profiles for water (Newtonian, DR = 0%) at three different Reθ values are shown in Figure 2 , where + (= ⁄ ) is the inner-variable scaled wall-normal distance. A previous study 28 
Newtonian two-point correlations
Given that the focus of the current study is on the modifications within the overlap region (i.e. log-layer), the reference location for the two-point correlations shown in Figure 3 were fixed within the log-region ( + = 148). To assess the universality of the turbulent structure inclinations within the log-layer, the correlations from three Reynolds numbers (Reθ = 800, 2000, and 2900) are shown with the streamwise separation length scaled with the 99% boundary layer thickness (δ). The same overall trend is observed for all three Reynolds numbers; the peaks decrease with increasing wall-normal separation (Δy), the streamwise separation (Δx) for the peak correlation increase with increasing Δy, and the correlations are asymmetric about Δx = 0. Here it is informative to note that the general consensus on the morphology of coherent structures is that different manifestations of the same general structure (i.e. the hairpin/horseshoe vortex) are observed throughout the boundary layer. 4 In particular, within the log-region, the most commonly observed aspects of such structures are the "necks" of mature, older, hairpin vortices and the "heads" of developing, relatively younger, hairpins vortices as they protrude through the near-wall region of the TBL. Given this taxonomy of log-region structures, the positively skewed peaks in the two-point correlation shown in Figure 3 with increasing Δy from tends to validate that such flow statistics represent structures, responsible for such events, leaning towards the downstream direction. Furthermore, Head & Bandyopadhyay 1 claimed that with increasing Reynolds number such structures are expected to thin out, which is also consistent with the decreasing streamwise scale of correlations (i.e. the decreasing width of the scaled Δx above a given Ruu threshold for a given Δy) with increasing Reynolds number as seen in Figure 3 . Flow visualization of hairpin vortices 1 and the more recent spectral coherence analysis of turbulent flow structures 43 have shown that they have an inclination of 45° relative to the downstream direction to maximize turbulence production and that this orientation is Reynolds number invariant. 42 Figure 4a shows an enlarged view of the Reθ = 2000 condition to illustrate how the peak streamwise separation (Δxpk) was determined for a given Δy. The plot of the corresponding Δxpk 15 versus Δy is shown in Figure 4b . As mentioned before, the slope of this curve is directly related to the inclination angle of the coherent structures (that include hairpin vortices). The structure inclination angle determined from Figure 4b Typically, in the near-wall region (log-layer) the coherent structures are observed at an angle of 45°. 4, 43 However, Adrian et al. 4 concluded that the angle of inclination of the hairpins in the packets can vary depending on their location within the TBL. They are small close to the wall (quasi-streamwise vortices) and increases to around 90° for the head and the neck regions. Protruding heads adopt a near vertical orientation in the outer layer while in the near-wall region they have the conventional 45° orientations in line with connecting neck regions of hairpin vortices. Reported inclination angles range from 18° to 45°, 1,45 which suggests that these various studies have measured different structures (or aspects of the same structure). 4 However, such observations might suggest that the Reynolds number invariance of the structure angles is sensitive to the region of the TBL,
given their taxonomy established in the literature. That is, within a given region of the TBL, the structure angles are relatively invariant for a Reynolds number range, but this invariance might not hold near the upper bounds of the log-layer, which is Reynolds number dependent. 46 Therefore, to avoid this potential obfuscation, reference points within the log-layer have been selected for the twopoint correlations and subsequent analysis. The inclination angle obtained within the log-region from the current study is compared with that available in the literature. 1, 41, 47 Note that Marusic 41 used a packet of hairpin vortices as the representative attached eddy and showed that it produced structure angles and two-point streamwise velocity correlations close to experimental results. In Figure 5 the structure angle varies between case studies, but the trend in the structure angles from the current study are nominally consistent with past findings. The outer region of a TBL, including the log-region, has been the focus of several recent investigations. 4, 48 It has been observed that these regions display large-scale motions (LSMs), characterized by concatenation of the protruding hairpin structures, referred to as hairpin vortex packets. The back-flow motions (Q2 events) induced by a single hairpin vortex is reinforced by the adjacent hairpins both in the downstream and upstream direction to form relatively long, uniform momentum zones. The mechanism for such uniformly retarded flow zones was suggested by
Meinhart & Adrian, 49 and, subsequently, experimentally observed. 4 Figure 6 provides statistical support for the existence of such LSMs, which shows the two-point correlations for water (Newtonian) at Reθ = 2000 with fixed inner variable scaled wall-normal separations and various reference heights within the log-region. In most LSM studies, the pre-multiplied energy spectra is used to show energy build up at scales much larger than the integral length scales ( ( )). In the current study, symptoms of this are seen in Figure 6 , where the extent of streamwise correlation in the log-layer increases with increasing reference location and the correlation decreases slowly in the streamwise direction. Ideally one would compare this with similar quantifications of data in the regions closer to wall (if available), where the expectation is that their decay with height would be more rapid. 50 There are several additional key observations with regard to Figure 6a . First, the asymmetry about the abscissa origin (i.e. upstream versus downstream separations) is consistent with the growth and orientation of initial and subsequent hairpins. The asymmetric growth of an initial hairpin that also influences the orientation of the offspring (secondary and tertiary) hairpins translates into such asymmetry because their alignment with the neighboring hairpins, which are expected to also be asymmetric, is expected to be less than perfect. 20 Second, the magnitude of the correlation peak increases with increasing wall-normal distance. This suggests within the log-region there are well defined coherent motions, which leads to strong support for the LSM observations. 4, 49 Third, the quality factor (i.e. the sharpness) of each peak decreases with increasing wall-normal distance. This combined with the increasing peak magnitudes indicate that the degree of streamwise coherence in these motions is higher in the outer region of the TBL. This reinforces the idea that individual hairpins serve to bolster the velocities induced by other similar hairpins within a packet to produce such strong flow patterns. 49 The findings reported in Adrian et al. 4 also suggest that the back-flow motions collectively induced by a number of hairpins in a hairpin vortex packet are essentially the zones of uniform momentum. This suggests that when the wall-normal separation for the two-point correlation estimates is set to zero (Δy = 0) then the curves should become symmetric for streamwise homogeneous flow. Thus, in Figure 6b Δy was set to zero for the same conditions shown in Figure   6a , and this reveals nearly symmetric curves for each reference height as well as dependence on the reference height. Note that the peaks at Δx = 0 are at unity because for these conditions it would be the normalized autocorrelations of the streamwise fluctuating velocities. The upstream versus downstream symmetry in Figure 6b is strikingly different from the asymmetry observed in Figure   6a , which strongly supports the concept of uniform momentum zones. The dependence of (Δ , 0) on the reference height shows a slower rate of decay in the correlation magnitude with streamwise separation relative to Figure 6a and consistent with Monty et al. 50 Except, in this case the systematic dependence of (Δ , 0) on is relatively subdued as compared to (Δ , Δ ), and the curves are nearly similar for + = 203 and + = 250. Nevertheless, both the quantifications in Figure 6 support the existence LSM-like structures with enhancements in correlation lengths. The increasing streamwise scale with increasing wall-normal distance reinforces the idea that the dynamics of hairpin vortex packets potentially control the interactions between the outer and inner regions of the TBL as evidenced in Figure 6a . Finally, the near collapse observed between the curves for + = 203 and + = 250 (in Figure 6a ) points to increased uniformity at higher regions of the TBL. In other words, as the span of individual uniform momentum zones in 20 the x-y plane increases further away from the wall, it appears that they could potentially result in increasingly similar, vicinal correlation patterns along the wall-normal direction.
Polymeric Results
Mean velocity profiles
The inner variable scaled mean streamwise velocity profiles for the polymer oceans at a concentration of 100 ppm are shown in Figure 7 . Drag reductions of 20%, 46%, and 62% were produced with steady-state mean molecular weights of 0.7, 2.2 and 4.2 ×10 6 g/mol, respectively.
Included in the figure for reference are the traditional law of the wall (κ = 0.40, B = 5.0) and the ultimate profile ( + = 11.7 ln( + ) − 17.0). 51 The results show the well-established 13,18,23-25, 36,52,53 trend of an upward shift in the log-layer that is proportional to the drag reduction level. These mean profiles are used primarily to identify the log-layer for the subsequent analysis. However, the behavior within the log-layer is an open research question, 23, 24 particularly at HDR (DR > 40%). The classical view 25 is that only the slope increment (B) increases with increasing DR, but recent computational 23 and experimental 24 results have shown that the von Kármán coefficient (κ) becomes dependent on polymer properties as well as Reynolds number at HDR. The Weissenberg number (We) is provided for each condition in Figure 7 as it is a likely parameter governing this HDR dependence. Figure 7 also demonstrates the condensed log-layer since the extent of the buffer layer increases with increasing DR, 17, 53, 54 especially at HDR. Note that the mean velocity profiles at additional DR levels (not shown) were measured to confirm this general trend. Overall, the mean profiles indicate that the polymer dynamics and properties play a key role in controlling the flow structure. Figure 7 . Inner variable scaled mean streamwise velocity profiles at three DR levels (20%, 46%, and 62%) with their corresponding We listed. The polymer ocean concentration was 100 ppm and = 2000. The log-law, ultimate profile, and water results (DR = 0%) are included for comparison.
Polymeric two-point correlations
There is a general consensus that polymers significantly enhance anisotropy of the turbulent fluctuations in the near-wall region. 13, 15 Given this streamwise bias of flow statistics, Figure 8 shows the streamwise scale of the flow structures in the log-region within the low drag reduction (LDR) regime (DR=20%), the boundary between LDR and HDR (DR = 46%) and within the HDR regime (DR= 62%). Here the wall-normal separation was fixed at Δ + ≅ 100 with the reference locations selected to relate the flow statistics within the upper half of the log-layer and potentially extending to the outer-wake region for all the DR regimes. Comparison between the LDR regime ( Figure 8a) and that of water (DR = 0%; Figure 6a ) shows minimal variation. However, the differences relative to water progressively increases moving from LDR (Figure 8a ) to the LDR/HDR boundary ( Figure   8b ) and then to HDR (Figure 8c ). The same general trend is observed as DR levels increase; their peak values increase while the peak quality factors (sharpness) decrease as upper regions of the TBL 22 are correlated. This is particularly apparent for DR = 46%, where not only the streamwise-spatially averaged Ruu increases with indicative of increases in the span of uniform momentum zones, but the different curves also show a tendency to converge at streamwise separation distances closer to the peak ( ⁄~0.7). The nuances in the trends observed for DR = 46% extend to the DR = 62% case, but there are also significant deviations in the trends indicating that the polymer additives are significantly influencing the structure within this region of the TBL. These deviations potentially arise from the modulations in the viscous length scale ( ) due to the polymer additives as well as outer boundary layer scales. As shown in Figure 7 for HDR, the log-layer is significantly reduced, and consequently the interactions between the inner and outer regions of the TBL are enhanced as seen by strong velocity correlations in Figure 8c . Figure 8c shows a significant increase in Ruu with the increased correlations persisting over a significantly larger streamwise scale, which suggests that the flow becomes more streamwise dominated with increasing DR. 13 Also, note that the variation in magnitude of the correlations with streamwise separation occurs over a relatively narrow range as the outer regions (higher ) are approached. This remarkable stabilization of the streamwise correlations points to the possible existence of unusual prolongations in the streamwise direction of the uniform momentum zones, which were originally reported to exist in Newtonian flows. 4 To confirm this, one needs visualizations of the flow field over a sufficiently large spanwise-streamwise plane that is currently unavailable. While the streamwise fluctuating velocity correlations increases noticeably in the streamwise direction, it is important to also note its increase along the wall-normal direction (i.e. the spatial scale increases in both the streamwise and wall-normal directions, though more rapidly in the streamwise direction). Figure 9 shows the correlations of the streamwise fluctuating velocities with purely streamwise separations (i.e. Δy = 0), which reveals additional details of how the polymers modify the flow statistics. Note that only one yref was selected for each DR level in Figure 9 for clarity, and the selections were such that it depicts the events within the log-layer and their interactions with the outer-wake region. Again, the deviations in the flow statistical trends are mild between water (DR = 0%; Figure 9a ) and the LDR regime ( Figure 9b ), but as the DR level increases the differences become more apparent. Of particular note, the correlations persist longer spatially in the streamwise direction as DR increases. While the spatially averaged values of the normalized correlations increase with increasing DR, the fluctuations in the correlations are progressively reduced. This strongly suggests that the flow stabilization is spatially more prevalent with increasing DR. The extent of such laminarization expands in the x-y plane as a dominating effect of the polymer additives, which has been well-known to restructure the flow energetics. 14, 19, 55 As noted in the discussion for Figure 8 , previous findings 13, 15, 53, 56 documented that the polymer additives make the flow more parallel with the streamwise direction with increasing DR.
Consequently the flow structure inclination angle within the log-layer is plotted versus drag reduction in Figure 10 . This shows that the maximum inclination angle within the log-layer (~45°) occurs with DR = 0% (water), and the minimum inclination angle (~10°) occurs with DR = 62%.
Linear regression analysis shows that the slope and intercept were statistically significant (p < 0.05) with the slope and intercept being −0.563 ± 0.085 deg/% and 46.9° ± 3.2°, respectively, with 95% confidence. Extrapolation of this linear-fit to a zero inclination angle results in a maximum drag reduction of 77%. An explanation of this phenomenon that is consistent with observations in the literature is that the near-wall flow structures are weakened by the presence of the polymers, 14, 18 25 which makes their contributions to the flow statistics more in the streamwise direction rather than the wall-normal direction (i.e. reduces their inclination angle). This would reduce the momentum transfer between the outer and inner regions of the TBL. The streamwise scales of the structures decrease with increasing Reynolds number. Moreover, logregions farther from the wall showed progressively improved correlations. This indicates that the uniformity of momentum zones has expanded in x-y plane (possibly associated with LSMs).
Such two-point correlations show trends for the polymeric flows deviating from the Newtonian flows, particularly at HDR (>40%). It was observed that, much like that of the fluctuating velocity fields in the buffer and viscous sublayer, flow scale anisotropy was progressively enhanced in the upper bounds of the log and outer-wake regions; structures have significantly enhanced streamwise scales. This anisotropy is particularly prominent for regimes of DR close to MDR.
Correlations show the reduced range of variations for a given streamwise scale as DR increases, suggesting the stabilizing effect of polymer additives on the flow statistics. For the same extent of the TBL, the correlations in polymeric flows were found to be marginally higher than the Newtonian flows for LDR. These trends were then found to deviate appreciably for HDR. The details of how the momentum zones (likely due to LSM) tend to develop as Weissenberg numbers increase, is inferred from the normalized correlation plots at three DR levels (20%, 46%, and 62%).
Normalized correlations purely along the streamwise direction (Δy = 0) corroborate the stretching of streamwise scales of the flow with increasing DR, but also show suppression in the fluctuations of the correlations. This indicates that polymer additives are actively engaged in suppressing the fluctuating content of the flow structures at higher frequencies. This serves as an experimental verification of the flow simulations 21 featuring weakened vortices, due to opposing torques by polymer body forces. 19 Such vortices would then contribute less to the auto-generation process of hairpins. 20 Such attenuation of the fluctuating turbulent motions would suggest that the offspring shedding process of the primary hairpins (flow structures) has been curbed and that this restriction becomes stronger in HDR flows. However, modes of action on these structures by polymers is rather selective, based on the intrinsic polymer and flow properties. Swirling-strength based time scales of the vortices suggest that the shorter the time scale, the stronger the structure.
This would increase the local Weissenberg numbers and therefore the probability of being attenuated by the stretching action of the polymers. Since the most intense of these vortices are in the bufferlayer, in the LDR the effect of polymers would remain primarily within the buffer-layer. This explains the mild transition in observation between DR = 0% and DR = 20% for all correlations in the log-region. Mild transitions, however, do not suggest that there is "virtually" no effect of polymers additives on the log-layer. It is clear that the "domino effect" of the weakened hairpin/quasi-streamwise vortices or QSVs is to make the log-region structures more inclined towards the flow direction. But as higher Weissenberg numbers are achieved, the polymers start effecting the less energetic vortex regions (heads and necks) found in the log-layer, directly. This could be attributed to the polymer relaxation times being significantly larger than the largest time scales associated with the vortex structures of the TBL. The reduced offspring shedding activity of the vortices, can potentially explain the enhanced correlations observed over long streamwise scales ( Figures 8 and 9 ). The fact that the structures are far apart, is compensated by their flattened orientation. Being targeted by the polymers based on their strengths, vortex structures with similar strength could weaken simultaneously, which aids in preserving the coherence of the eddy structure. Figure 10 shows the dependence of the structure inclination angle on DR. Decreasing angles show that anisotropy of the flow scales (and averaged orientation of coherent structures to the vertical) increases in proportion to the reduction in skin friction. There is one immediate inference from the observed anisotropy; structures tend to rise less through the TBL. This would suggest that
Since the velocity induction effects occur in proportion to the intensification of vorticity, this possibly suggests that these structures have attenuated vorticity. This is consistent with the DNS findings of Kim et al. 19 that suggests that polymers provide torques opposing the motions of the vortices, and thereby, reducing their ability to influence events associated with their strength. Dubief et al. 18 proposed a mechanistic explanation that stability of the momentum streaks was enhanced at the expense of weakened vortex structures; polymers stretch as they wrap around the vortices, extracting energy and re-injecting it into the near-wall (y + > 5) momentum streaks. The wrapping action is consistent with polymers providing torques, opposing vorticity intensification. If this were to be true, the structure inclination angles would decrease, as observed in Figure 10 . Weakened vortices near the wall (log-region) due to the presence of polymers bias their contribution to the flow statistics towards the streamwise direction and thereby, decreases the inclination angle of these structures. The increased streamwise coherence of the motions with DR makes the flow more aligned with the streamwise direction. 13 The flattened inclinations, shown in Figure 10 , suggest a linear relationship between such structure angles (in the TBL log-region) with increasing DR.
